An integrated steel plant with two blast furnaces with the option to use biomass to partially substitute fossil reductants was simulated. A thermodynamic blast furnace model was used, combined with simpler models of the other unit processes (sintermaking, cokemaking, basic oxygen furnace, hot stoves and power plant) and a nonlinear model of the biomass conversion with respect to the processing temperature. Given an aim steel production rate for the plant, the economics of the plant was optimized by minimizing the specific costs of liquid steel, considering costs of raw materials, energy and CO2 emissions. Limited supply of sinter and coke was optimally allocated to the two blast furnaces and the effects of restrictions in the biomass, oxygen and oil supply on the operating states were studied. An analysis was also undertaken to study how the production rate of the plant would affect the optimal state. The results demonstrate that a non-uniform distribution of the resources can be economically justified, in particular for cases where the blast furnaces operate under different constraints.
Introduction
The energy consumption in primary steel making is considerable and it has been estimated that the steel industry contributes by about one fifteenth of the world's anthropogenic CO2 emissions. New ironmaking technologies 1, 2) including HISmelt, FINEX and blast furnaces (BF) with top gas recycling, [3] [4] [5] [6] are likely to play a role in the transition to low-emission concepts, but these technologies are either not mature or do not yet show lower energy demand than (large traditionally operated) blast furnaces. Therefore, it is still important to raise the energy efficiency in existing processes and to investigate options to replace coal, oil and natural gas by more environmental-friendly reductants. In order to make such transitions possible in practice, it is important to optimize the plants with respect to costs, energy use and emissions. The use of biomass is an option by which the harmful emissions could be reduced, but in order to evaluate its feasibility the state of the entire production chain should be considered. 7) A possible way of using biomass in ironmaking is to convert it into charcoal. Due to its lack of mechanical strength, charcoal can be used to replace coke in the burden only in very small furnaces. However, charcoal can be injected through the tuyeres as an auxiliary fuel. 8) A possible economical benefit of using charcoal is due to the penalty for CO2 emissions: Carbon dioxide emissions originating from non-fossil sources are left untaxed while those arising from combustion of fossil fuels are not. This is motivated by the fact that CO2 emissions are re-captured when new planted trees grow. Naturally, failure to do so would result in deforestation and possibly, erosion. 9) In practice, the overall environmental gain from using charcoal is also affected by the type of fertilizer used, transportation related issues, pyrolysis efficiency of wood and the utilization degree of the byproducts deriving from it. 7) In any case, the CO 2 emissions arising from charcoal use are considered lower than those originating from fossil fuels, 8) but the economics of using charcoal is normally limited by wood-, transport-and pretreatment costs. In order to evaluate the potential of using biomass, Takekawa et al. 10) studied decomposition and gasification reactions of biomass material at high temperatures for ironmaking applications and determined the amounts and compositions of gas, char and tar. The investigators demonstrated that the gas composition could be predicted by thermodynamic equilibrium calculations. Some investigators, including Ueda et al. 11) and Helle et al. 12) have pointed out that it is not necessarily motivated to pursue a full conversion of biomass to charcoal despite the increase in the heating value of the product due to the associated yield loss. Instead, pyrolysis at an intermediate temperature may give rise to a reductant that is suitable for injection in the blast furnace tuyeres because its lowering effect on the flame temperature and the hot metal productivity can be compensated for by oxygen enrichment of the blast. This paper explores how mathematical optimization can be used to find ways to use biomass in blast furnaces in an integrated steel plant without compromising process economics. The optimization considers a plant with coke-and sintermaking facilities, a pyrolysis unit for upgrading of the biomass before injection into the blast furnaces, two blast furnaces with their hot stoves, basic oxygen furnaces and a power plant. Special attention is focused on the optimal allocation of raw materials to the two blast furnaces in order to minimize the cost of liquid steel. A nonlinear programming (NLP) sub-problem is solved under a master optimization ISIJ International, Vol. 52 (2012), No. 1 by a differential evolution (DE) algorithm. The effect of the availability of some of the central materials, e.g., oil, oxygen and biomass, is studied, as well as the implications on the arising optimal states of the plant.
The System Studied

Models, Flows and Emissions
We study the processes in an integrated steel works up to the basic oxygen furnace (BOF), with liquid steel as the main product. The system includes a coke plant, a sinter plant, two blast furnaces (BF) with their hot stoves, BOF, a power plant as well as a unit for biomass pyrolysis (Fig. 1) . With the exception of the pyrolysis unit, all other unit processes are described by linear models. Helle et al. 12, 13) studied a similar system, but with one BF only, and analyzed how the price of biomass and emissions affected the optimal state of the system with respect to costs of liquid steel. Results from their study will also be used as a reference for the present investigation. In what follows, a cursory description of the unit process models will be given. For more details, the reader is referred to Helle et al.
12)
The coke plant model expresses the relation between the feed coal rate and the produced flows of coke and coke oven gas. The sinter plant model considers a feed of iron ore, coke and lime and estimates the production rate of sinter (excluding the recycled flow) and heat. Thus, some coke from the coke plant is consumed in the sinter plant.
Unprocessed biomass is not well suited for injection into the blast furnace due to its high oxygen content and low heating value, 11, 12) so it should be upgraded, e.g., by pyrolysis. This treatment lowers the oxygen content and raises the heating value, but naturally also decreases the yield (η). For the case of simplicity, simple static relations between the pyrolysis temperature and the biomass yield, composition and heating value are used in the present study. The relations, which apply to Norway Spruce and were reported in a table by Ranta, 14) were approximated by spline functions in Helle et al. 12) (cf. Fig. 2 ). The composition reported corresponds to the analysis of the condensed phases of the pyrolysis product, and the same holds true for the heating value. The proximate analysis of the raw biomass (dry basis) was 50% C, 6% H, 43% O and 1% rest. In the pyrolysis, the by-products were simply assumed to be burned to maintain the temperature in the unit. It should be stressed that important issues such as biomass grindability and combustibility 11) in the raceways were not considered in the present study.
A first-principles BF model [15] [16] [17] based on the fundamental concepts introduced by Rist et al. 18) was used as a starting point in the modelling. The model was run under a large number of input variable values within their admissible regions (Table 1) , using a feed rate of unprocessed biomass in the range to the pyrolysis unit operated within the temperature range Tpyro ∈ [150, 800]°C. An upper limit of the specific injection rate of biomass, mbio = 120 kg/t hm, was imposed. The results were analyzed for
, Fig. 1 . Schematic of the system studied, enclosed by the balance boundary (thick dashed line). CP: coke oven, SP: sinter plant, ST: hot stoves, PU: biomass pyrolysis unit, BF: blast furnace, BOF: basic oxygen furnace, and PP: power plant. (1) express the outputs (y i ) reported on the last thirteen rows of Table 1 .
The operation of the hot stove set was simply described as a counter-current heat exchanger in steady state, where the combustion of BF top gas at a given air excess gives the inlet gas temperature while the inlet air temperature is given as the temperature after compressing the cold blast. Assuming a constant heat conduction of the stove set, the exhaust gas temperature and the blast temperature can be determined. The BF gas volume is then adjusted to obtain the aim blast temperature, T bl .
With known hot metal production the basic oxygen furnace model assumes a fixed share of scrap and determines the mass flow of liquid steel and the volume flow rates of oxygen consumed in and off-gases produced in the BOF by linear relations.
The power and heat produced in the power plant are estimated by considering combustion of the remaining BF top gas, the coke oven gas and half of the BOF gas, releasing heat for steam production. A turbine and a generator model with given efficiency factors yields the power produced, and the net power production is obtained by subtracting the power required for compression of the blast. The low pressure steam is finally condensed, releasing heat for district heat production.
The system also consumes externally produced raw materials, such as oil, oxygen, pellets and (possibly) external coke. The origin of these raw materials is outside the balance boundary, so their production is not taken to contribute to costs of CO 2 emissions in the plant. The total CO 2 emissions from the system, , are expressed as a function of the difference between the carbon input and output.
Solution Procedure
The system equations for a plant with a single blast furnace can be solved with the following numerical procedure: Given information about the production rate ( in t hm/h) and the eight input variables of the blast furnace, Eq. (1) is applied to determine the 13 output variables (labeled ON, where N is the number of the output) reported in Table 1 . Under the modeling assumptions described in subsection 2.1, the hot metal flow gives the flow rate of liquid steel, while the coke rate yields the absolute coke requirement for the blast furnace. The iron balance, in turn, yields the required sinter flow which must be supplied by the sinter plant, and this information also gives the heat recovered and the coke requirements for sintering. The total coke flow is used to determine the flow of coal to and coke oven gas from the coke plant. From the top gas and coke oven gas volumes and compositions it is straightforward to estimate the power and heat production in the power plant after considering the requirements of the hot stoves, which shall produce blast at the given temperature. The issue on how to determine the eight unknown inputs variables of Eq. (1) is treated in the next section.
In the model there is a nonlinear relation between the pyrolysis temperature and the yield, composition and heating value of the product from the pyrolysis unit (cf. Fig. 2 ). These static nonlinearities, which for the yield and composition were modeled by hermite splines, are included in the terms Ebio and Obio of Eq. (1). In order to illustrate the influence of the pyrolysis temperature on the performance of the BF, Fig. 3 depicts for a certain BF state the effect of Tpyro ∈ [150, 800] °C in a system where the pyrolysis unit was fed with 10 t/h of unprocessed ("raw") biomass. This yields a specific biomass injection into the BF ranging from 71 kg/t hm to 19 kg/t hm due to the decrease in the yield with increased pyrolysis temperature. From the figure it is obvious that with increased pyrolysis temperature the hot metal production rate and flame temperature increase, while the top gas temperature decreases monotonously but nonlinearly, leveling out at higher values of Tpyro. However, the specific coke rate shows a minimum at a processing temperature of about 250°C. This is in overall agreement with the observations by Ueda et al., 11) who also found a moderate pretreatment of the biomass (but at a slightly higher temperature, ≈ 300°C) to be optimal for the operation of the blast furnace in terms of CO2 emissions.
Formulation of the Optimization Problem
Objective Function and Overall Formulation
Given a target steel production for the plant, the distribution of the hot metal production between the two furnaces, as well as their inputs (cf. Eq. (1)), are unknown. With the goal to determine how to optimally allocate the raw materials between the furnaces to yield the desired production at lowest possible costs, we minimize the specific operating costs of liquid steel Fig. 3 . Effect of pyrolysis temperature on the production rate, specific coke rate coke, flame temperature and top gas temperature for a BF with pretreated biomass from a pyrolysis unit with a fixed feed of 10 t/h raw biomass. (2) where c are cost factors for raw materials, and cCO 2 is the emission cost and the factor ψ expresses the share of CO2 emissions originating from fossil sources. The last two terms in the parentheses are credits for produced electricity and heat. While the optimization problem for a plant with one blast furnace can be rather easily solved by nonlinear programming, 12, 13) the present considerably more complicated problem was tackled by a subdivision of the optimization task. Given an aim steel production rate and admissible regions for the operation of the unit processes, a master problem governed by an evolutionary algorithm using the concepts of differential evolution was solved, where the resources are given to the two blast furnaces. The master problem makes its decision on the basis of the solutions of sub-problems, where one blast furnace is optimized by nonlinear programming for a fixed hot metal production and under given constraints on the available raw materials. This approach was inspired by the increased complexity of the task as well as by the fact that the effect of local minima encountered in the 1-BF formulation 12, 13) could prove detrimental for a purely gradient-based optimization.
With information about the available resources, expressed as maximum flow rates, , and the aim steel production rate, , a backward calculation of the required total flow of hot metal, , from the two BFs is first undertaken, where (4) Instead of optimizing the whole plant under these constraints with respect to all unknowns, the problem is split into two parts. First, the differential evolution algorithm, described in the next subsection, sets the iron production rate for, as well as the resources allocated to, the first blast furnace (BF1). The operation of BF1 is next optimized by minimizing the objective in Eq. (2) by nonlinear programming, using the input variables of the furnace (Eq. (1)) as unknowns, yielding the optimal sub-problem solution F (1) . The values at the solution are next used in Eq. (4) to solve for the remaining resources to be allocated to the second blast furnace (BF2), and the furnace is required to produce the hot metal "deficit" (determined from Eq. (3)). The BF model is again optimized, yielding F (2) and the state of BF2. (5) is used as the overall objective to be minimized by the DE search. The solution procedure is schematically outlined in Fig. 4 . Note that since the sub-problem is solved as a nonlinear constrained optimization problem, its solutions are always feasible. However, several initial guesses of the unknowns in the subproblem optimization were needed to guarantee that the global minimum in the cost was found, since there were local minima of the economic objective at least with respect to the pyrolysis temperature.
12)
Differential Evolution
Differential evolution is a stochastic algorithm, proposed by Price and Storn 19) for optimization problems over continuous domains. DE belongs to the evolutionary algorithms that use concepts borrowed from nature, such as mutation, recombination and selection while maintaining a population over a number of generations in order to explore a search space. In particular, DE relies on real coding of floating point numbers and mutation based on the distribution of the solutions in the current population. In this way, search directions and step-lengths are obtained based on the position of randomly selected individuals in the population.
DE starts with sampling of the objective function at multiple randomly chosen points, thus generating vectors that form the initial population. Like in other population based methods, new points are generated as perturbations of existing ones and in DE, new points are generated as perturbations of vectors based on the scaled difference between two randomly selected population vectors. Thus, a trial vector is constructed, in the mutation step, by adding the scaled, random vector difference to a third randomly selected vector. A trial vector is created by applying ..... (6) for each individual i, where j and k are two other random members of the population, n denotes the generation, and f is a mutation constant. After the mutation step, a crossover operation is applied where the parameters of the old vector are mixed with those of the trial vector before comparing the objective function values. In the selection stage, the trial vector competes, in terms of fitness values, against one of the parents about a place in the population in the next generation. Here a greedy scheme was applied to decide upon which vector will be added to the next population, .... (7) The procedure is repeated until all population vectors have competed against a randomly generated trial vector and the next population has been inhabited and the evolution can start all over with the next generation. The present implementation applies DE as a hybrid together with traditional gradient based non-linear programming (NLP). The DE determines optimal values for variables describing the distribution loads on the two furnaces while the NLP optimizes the utilization of the resources in each furnace separately, primarily determining values on the variables mentioned in conjunction to Eq. (1) in the most profitable manner. The individuals of the DE population here describe a vector which expresses the variables for BF1: the production rate, the maximum rates of own coke, sinter, biomass and oxygen. The first four are expressed in tons/hour (t/h) while the last variable is expressed in normal cubic meters per hour (m 3 n/h). As the corresponding total values are fixed in advance for the integrate of the furnaces, this information also gives the corresponding values for BF2 (cf. Eq. (4) ).
Since the variables to be optimized in the present work are constrained, special attention must be focused on the constraint handling. In order to guarantee feasibility of individuals of the new population evolved, an additional step was introduced into the algorithm by simply replacing infeasible solutions with feasible ones. This means that a trial solution that would replace the initial solution in Eq. (7) is not allowed to do so if it is infeasible.
In evolutionary algorithms, a rule of thumb is that the population size, M, should be at least tenfold the number of unknown variables to be optimized. Because the number of variables manipulated by the algorithm was 5, M = 60 was here selected. As for the maximum number of generations, nmax = 60 was found to be sufficient for achieving convergence. In solving the arising two NLP sub-problems, if the available reducing agents are not sufficient, or economical, external coke is used. Likewise, if the sinter cannot supply enough Fe to the furnaces, or if it is not economical to use all sinter available, external pellets are used.
Results
In optimizing an integrated steel plant with two 1 100 m 3 blast furnaces, the costs of raw materials, energy and emissions were as reported in Table 2 . The target production rate of liquid steel in the system was fixed at 320 t ls/d (corresponding to a hot metal production of 279.4 t hm/h), while the feasible production rate of steel based on pig iron from one furnace was [140, 183] t ls/h, where the upper limit is close to maximum dictated by the BF's capacity. In the base n/h, respectively, were allowed to be allocated to one BF. These and other operation constraints are given in Tables 1 and 3. Table 4 , were optimized by the method. In this first part of the study, the two furnaces of the integrated steel plant were identical and operated under identical constraints. Therefore, in addition to demonstrating the feasibility of the numerical approach, the results should mainly illustrate whether a uniform resourcing among the two furnaces is optimal, or if it is better to distribute the production and resources nonuniformly between them. As for more detailed results, Table 5 presents some key variables of the optimal solutions. The blast furnaces (and their constraints) being identical, their numbering is naturally irrelevant here, and, therefore, the results have been reordered so that BF1 always has the larger hot metal production rate. To facilitate a comparison of the results with the case where the production rate and resources are uniformly distributed, Table 6 has been included, reporting the optimal results for an integrated steel plant with one BF using half of the production capacity and resources of the present study. First, as an overall observation, it may be noted that the biomass used has reduced the specific emissions from about 1.61 t CO2/t ls (cf. Ref. 12) to 1.38-1.54 t CO2/t ls. The optimal biomass pyrolysis temperature is practically the same (Tpyro ≈ 250°C) in all solutions. This is in perfect agreement with the observations presented in Fig. 3 and the results of Helle et al. 12, 13) where a partial conversion of the biomass with a pyrolysis temperature of about 250°C was found to be optimal. Thus, the local minima reported by Helle et al. 12) with respect to the pyrolysis temperature have been efficiently avoided by the search. Second, it should be noted that no limestone is required in any of the cases, and that the maximum sintermaking capacity (320 t/h) is used in all optimal states, except for Case 4. Third, the blast temperature (not shown) was maximal for all cases.
Optimal Solutions for Two Identical Blast Furnaces
As seen in Table 5 , Case 1 with large biomass resources yields a rather uniform distribution of the material flows to as well as production in the two furnaces. Both furnaces apply maximum specific rates of biomass and oil injection (120 kg/t hm), as well as blast oxygen (32%), and the flame temperature in both BFs is close to the lower limit. BF1 uses slightly less sinter so more pellets are needed. The overall costs of liquid steel is 231.52 €/t and the emissions of fossil CO2 is about 1.38 t/t ls, which corresponds to a decrease of about 15% compared to the biomass-free case. 12) A comparison with the results for a plant with one furnace (Table 6 , Case 1) reveals that the same costs can be achieved by a uniform distribution of the resources.
As the maximum biomass feed flow to the steel plant is restricted to 30 t/h (Case 2), the optimal distribution of the production rates as well as the resources to the two furnaces becomes more non-uniform. It turns out to be beneficial to maintain 6% higher production rate in one furnace by supplying a higher blast volume and by injecting considerably less biomass, but all biomass resources are used in the plant. The oxygen enrichment and the specific oil injection rate are at their upper bounds in both furnaces. Since biomass injection lowers the flame temperature, BF1 has a higher temperature at the tuyere level, while the flame temperature for BF2 is close to the lower limit. The corresponding economics of a plant with uniformly distributed resourced ( Table 6 , Case 2) are essentially the same, with only marginally higher costs (235.61 €/t ls). Still, the lower cost in the plant with non-uniform distribution can be seen as a confirmation that the DE algorithm has successfully minimized the costs, and that there are several states of operation of the plant with practically identical overall costs.
When also the oxygen resources are limited (Case 3), interesting results arise in that the available biomass becomes very non-uniformly distributed: In BF1 maximum biomass injection is applied while BF2 uses only a fraction of it. Likewise, BF1 uses about three times more oxygen than BF2, and produces 12% more hot metal. The difference in the economics compared to a uniform distribution of the resources (cf . Table 6 ) is marginal, but somewhat bigger, 0.08 €/t, which indicates that a uniform distribution of resources is not necessary optimal if the resources are limited.
An illustration of the effect of a limited oil injection rate (60 kg/thm) is provided by Case 4, where the biomass and oxygen constraints were same as in Case 2. Since oil is the cheapest reductant in this plant, the constraint imposed will affect the costs considerably. As seen in Table 5 , the limited oil injection brings about a non-uniform distribution of the production rates: One BF now produces about 20% more than the other. The oxygen content of the blast is the same in the furnaces, but the level is lower due to the constrained oil injection. BF1 applies a maximum blast volume and very little biomass injection, so its coke requirement is high: This gives clearly higher temperatures at the tuyere level. The high coke rate also gives rise to a slag basicity on its lower limit in both furnaces. Further, it turns out optimal to use slightly less than the maximum sintermaking capacity, and instead, to increase the pellet feed flow. This is also found for the case with one furnace and halved resources (Table  6 ), but this leads to another state with less oxygen injection. Figure 6 illustrates how the steel production on the basis of hot metal from the two furnaces varies for the best solution for each generation in the DE search. Since the two furnaces are identical, it is possible to find solutions that are almost equally good in terms of costs, where the production is redistributed between the furnaces. This is the reason why the states during the evolution of the solution exhibit a sawing appearance, until they finally stabilize on the optimum (during the last ten generations of the DE search).
Finally, a plant with even more constrained biomass resources was studied by reducing the available biomass feed flow to 20 t/h (Case 5). The optimal solution is basically the same as that of Case 2, but, naturally, with lower biomass injection rates: BF2 injects almost three times more biomass that BF1. The furnace with higher production rate uses somewhat more sinter in the burden to compensate for the contribution of SiO2 by coke ash in the slag basicity, but most of the state variables have similar values as for Case 2. However, the costs are now about 2 €/t ls higher, and practically identical with those for a plant with uniformly distributed resources (cf. Table 6 ). The limited biomass also increases the specific fossil CO2 emissions to 1.54 t/t ls.
Optimal Solutions for BFs with Different Stove
Capacity The five cases of Table 5 were next studied for a steel plant with two identical blast furnaces (BF1 and BF2) but where the hot stoves of BF2 were assumed to be less efficient, imposing the condition . Figure 7 illustrates the minimum fitness (top panel) and the mean fitness (bottom panel) per generation for the five cases. The costs are seen to be minimized as efficiently as in Fig. 5 , and the minimum costs of the different cases appear in the same order, even though Cases 3 and 5 now fall closer to each other. Due to the blast temperature constraint all costs are, however, higher. Again, for all solutions, the blast temperature is maximal for all cases.
As illustrated in Table 7 , for a plant with large biomass resources (Case 1) a rather uniform distribution of the material flows and production is optimal. The blast oxygen content and the specific biomass injection rates are maximal in both furnaces. Interestingly, the furnace with lower blast temperature injects less than the maximum amount of oil, uses somewhat more blast, biomass and oxygen, and also produces more hot metal. The effect of the lower blast temperature on the tuyere conditions has, therefore, been com-T bl (2) C ≤°1 000 Table 6 . Process variables for a steel plant with one blast furnace and half of the resources and steel production rate compared to 6 . Steel production rate using hot metal from the identical blast furnace s BF1 (solid line) and BF2 (dashed line) for Case 4 (cf. Table 4 ).
pensated for by measures to increase the flame temperature. The fact that BF2 operates with a lower blast temperature has raised the overall steelmaking costs by about 1.3 €/t ls (cf. Table 5 ). By restricting the maximum biomass feed rate to 30 t/h, a much more non-uniform distribution of the resources and production between the two BFs becomes optimal. The production rate in BF1 is almost 20% higher than in BF2, and BF1 uses more biomass and oxygen. However, the oxygen enrichment of the blast is maximal in both furnaces. In some respects, the solution bears resemblance with the corresponding, but more uniform distribution, obtained for the identical furnaces (Case 2, Table 5 ).
Under restricted oxygen resources (Case 3) a non-uniform distribution arises with considerably higher biomass and oxygen flows to BF1. The specific oil rate is reduced from the maximum values, and BF1 produces about 7% more hot metal than BF2. The fact that the maximum blast temperature in BF2 is lower leads to an increase in the costs of 1.5 €/t ls.
Reducing the maximum specific oil injection rate by 50% (Case 4) gives rise to a similar distribution as in Case 2, but with a stronger non-uniformity in the production (cf . Fig. 8) . During the evolution of the optimal state, occasional redistributions of the production between the two furnaces can be observed as spikes in the curves of Fig. 8 , but the fact that the twin furnaces operate under different conditions makes the extent of these smaller than in Fig. 6 . The biomass is mainly used in BF2, so the specific coke rate is considerably higher in BF1, which therefore shows a 200°C higher flame temperature. BF1 now needs external coke, more than 10 kg/t hm, since the full capacity of the own coke plant (110 t/h) is used. The cost of liquid steel is seen to increase by about 1.1 €/t due to the lower blast temperature in BF2. Fig. 8 . Evolution of the steel production using iron from the blast furnaces BF1 (solid line) and BF2 (dashed line) for Case 4 (cf. It is interesting to note, again, that the results bear some resemblance with the distribution for the corresponding case with identical BFs (cf. Table 5 ), but the differences in the resourcing are more pronounced.
Case 5, where the biomass resource is limited by 20 t/h, again increases the oil flow to its maximum (120 kg/t hm), but maintains a general internal resource distribution similar to that of Case 2. The lower biomass rate is reflected in higher coke rate and blast volume, and lower blast oxygen content. The latter two result in a lower heating value of the top gas, and, thus, a lower credit for sold power and heat from the power plant.
In summary, the analysis has shown that the lower blast temperature in BF2 gives rise to an optimal state of the system where BF1 produces more than BF2, except for the case with practically unlimited resources (Case 1). It should be kept in mind that, by contrast to the results of the preceding subsection, this distribution cannot be predicted by studying the optimal solutions for the two furnaces separately. Finally, it can be concluded that the DE algorithm works fairly well, which is demonstrated by a comparison of the results in Tables 5 and 6 . The algorithm gives in all cases equally good or better values of F tot than for the case with uniformly distributed resources and was found to converge to the same optimum after starting from different randomly initiated initial generations.
Effect of Production Rate on the Optimal Solutions
As a final step, the effect of the production rates was analyzed for the case with different maximum blast temperatures as in the preceding subsection, using the constraints of Case 2. Table 8 illustrates the results for four production rates of liquid steel (280 t/h, 300 t/h, 320 t/h, and 340 t/h); thus, the earlier upper limit of the plant (320 t ls/h) was here relaxed. Along with an increase in the production rate, the oxygen injection rate is increased, and the blast oxygen content reaches its upper limit (32%). At higher production rates, BF1 contributes by a bigger share of the hot metal flow. The specific injection rate of oil is maximal for all cases except for the one with lowest production rate, while the biomass feed flow is shifted from BF1 to BF2 along with increased production. The specific emissions vary in the range 1.51-1.53 t CO2/t ls, i.e., they are 4-5% lower than in conventional operation. It is also interesting to note that the blast volumes in the two furnaces show minima at a production rate around 300 t/h (cf. Fig. 9 ). The steelmaking costs initially decrease but increase for the highest two production rates, mainly due to an increased use of pellets. This is also the reason why the specific emissions marginally decrease with the production rate, i.e., the emissions are "outsourced" to the external producer.
Conclusions
The work reported in this paper has analyzed the optimal state of a steel plant with two blast furnaces, where pretreated biomass can be injected. The problem was tackled by minimizing the costs of liquid steel considering the costs of raw materials, energy and CO 2 emissions of the unit processes in the plant. Emissions arising from biomass were considered to be free of charge. Special attention was paid to the optimal use of resources between the units in the plant. The two blast furnaces were considered to be identical, but in part of the cases studied the hot stoves of one furnace were considered less efficient, limiting the maximum blast temperature. It was found that this gave rise to a nonuniform distribution of the raw materials between the furnaces in the optimum state of operation. In accordance with the study by Helle et al., 12, 13) the present work also demonstrated that a pre-processing of the biomass is necessary, but at intermediate temperature in order not to lead to large yield losses. The use of biomass in the optimal states was found to bring about a 4-15% reduction in the specific emissions of the plant compared to conventional operation. An analysis of the effect of the total production rate demonstrated that along with the increase in the production rate the furnace with higher blast temperature was required to contribute by a larger share of the production and accepted less biomass.
In the numerical solution of the optimization problem, the subproblems were solved by nonlinear programming, while an evolutionary algorithm, implementing differential evolution, carried out the search in a master problem for an optimal allocation of the production rate in and resources distributed to the two blast furnaces. The method was found robust, but the solution of the problem was rather time consuming, which calls for more efficient approaches if larger systems are to be tackled. Future work will be directed to optimizing the system in a piecewise linearized form. Another relevant topic to be exploited is to develop a more detailed model of the biomass conversion, considering gaseous, liquid and solid products as well as the cost of operation of the pyrolysis step. Furthermore, one should also estimate the combustibility of the pretreated biomass 11) in order to guarantee that it would burn at a sufficient rate to make the raceway regions operation efficient and free of major disturbances.
